To look for changes in intrinsic functional brain connectivity associated with postoperative changes in cognition, a common complication in seniors undergoing major surgery, using resting-state functional magnetic resonance imaging. DESIGN: Objective cognitive testing and functional brain imaging were prospectively performed at preoperative baseline and 6 weeks after surgery and at the same time intervals in nonsurgical controls. SETTING: Academic medical center. PARTICIPANTS: Older adults undergoing cardiac surgery (n = 12) and nonsurgical older adult controls with a history of coronary artery disease (n = 12); no participants had cognitive impairment at preoperative baseline (MiniMental State Examination score >27). MEASUREMENTS: Differences in resting-state functional connectivity (RSFC) and global cognitive change relationships were assessed using a voxel-wise intrinsic connectivity method, controlling for demographic factors and pre-and perioperative cerebral white matter disease volume. Analyses were corrected for multiple comparisons (false discovery rate P < .01). RESULTS: Global cognitive change after cardiac surgery was significantly associated with intrinsic RSFC changes in regions of the posterior cingulate cortex and right superior frontal gyrus-anatomical and functional locations of the brain's default mode network (DMN). No statistically significant relationships were found between global cognitive change and RSFC change in nonsurgical controls. CONCLUSION: Clinicians have long known that some older adults develop postoperative cognitive dysfunction (POCD) after anesthesia and surgery, yet the neurobiological correlates of POCD are not well defined. The current results suggest that altered RSFC in specific DMN regions is positively correlated with global cognitive change 6 weeks after cardiac surgery, suggesting that DMN activity and connectivity could be important diagnostic markers of POCD or intervention targets for potential POCD treatment efforts. J Am Geriatr Soc 65:e6-e12, 2017.
P
ostoperative cognitive dysfunction (POCD) has been described in individuals undergoing cardiac and noncardiac surgery and occurs more often in individuals aged 60 and older, 1 but there is no consensus on exactly how to measure POCD, when after surgery to measure it, or how much a person's cognitive performance must decline to be considered clinically relevant. Human clinical and animal studies have suggested that POCD may result from unresolved neuroinflammation, 2 Alzheimer's disease-associated pathology, 3 specific anesthetics, 4 perioperative cerebrovascular damage, 5 or an effect of preexisting health conditions such as metabolic syndrome, 6 but the relative contribution of these possible factors to human POCD is unclear. Furthermore, whether structural or functional deficits in specific brain regions or global dysfunction underlie human POCD is unknown.
Resting-state functional connectivity (RSFC) is a reliable neurophysiological phenomenon characterized by shared coherent, spontaneous, low-frequency blood oxygen level-dependent (BOLD) signal fluctuations among functionally related brain regions in the absence of task-related activation. 7 RSFC networks have been identified for the motor system; task-negative, introspective thought and memory; stimulus salience; sensorimotor integration; auditory processing; and higher-order executive functioning. The most-studied RSFC network is the default mode network (DMN), a group of functionally connected posterior and anterior cortical regions that are active when individuals are at rest or internally focused and that become less active when they shift their focus and cognitive effort to external tasks. 8 Regions critical to the DMN, such as the posterior cingulate cortex (PCC), have been consistently identified as being densely anatomically interconnected with the rest of the brain and play a central role in global cerebral communication processes. 9 RSFC alterations in DMN regions have been found in several conditions associated with cognitive decline or dysfunction, including advanced aging, 10 Alzheimer's disease, 11 and delirium. 12 It was hypothesized that perioperative changes in DMN RSFC would be correlated with postoperative cognitive changes in individuals undergoing cardiac surgery but not in nonsurgical controls.
METHODS
The Duke University Medical Center Institutional Review Board approved this study, and all enrolled study participants provided written informed consent.
Participants
Individuals aged 60 and older scheduled to undergo coronary artery bypass grafting (CABG) or valve replacement (VR) surgery with cardiopulmonary bypass were prospectively enrolled. Nonsurgical controls with coronary artery disease (CAD), as evidenced by a prior myocardial infarction or evidence of CAD on cardiac catheterization, were recruited from a cardiology clinic. Nonsurgical controls could not be under consideration for surgical revascularization within 6 weeks of the baseline study visit. Individuals with a history of cortical stroke, alcoholism, psychiatric illness, renal failure, less than a seventh-grade education, nonnative English speaking, or a baseline Mini Mental Status Examination (MMSE) score of 26 or less, or those who were unsafe for 3T magnetic resonance imaging (MRI) were excluded (Table 1 , Appendix S1).
Perioperative Management
In participants undergoing surgery, anesthesia was induced and maintained with midazolam, fentanyl, and isoflurane or sevoflurane. All participants undergoing surgery underwent nonpulsatile hypothermic (30-32°C) cardiopulmonary bypass (CPB) with a membrane oxygenator and an arterial line filter. The pump was primed with crystalloid, and serial hematocrit levels were kept at 0.21 or greater. Before initiation of CPB, all participants undergoing surgery received heparin anticoagulation (300-400 U/kg) to achieve a target activated coagulation time of greater than 480 seconds. Perfusion was maintained at pump flow rates of 2 to 2.4 L/min per m 2 throughout CPB to maintain mean arterial pressure at 50 to 80 mmHg. See Table 1 for surgical variable data.
Neurocognitive Procedures
Participants were administered standardized neuropsychological assessment measures designed to assess auditory-verbal learning, immediate and delayed memory recall, visual immediate and delayed memory recall, complex attention, visuomotor performance and processing speed, manual dexterity, and complex executive functioning skills ( Table 2 , Appendix S1). All tests were administered at preoperative baseline (0.70 AE 0.38 weeks before surgery) and approximately 6 weeks postoperatively (6.56 AE 1.96 weeks). There were no participant losses, and cognitive testing was completed for all participants at baseline and follow-up.
Participants undergoing surgery were screened for agitation and sedation and postoperative delirium on postoperative Days 1 to 3. Although sedation and partial delirium symptoms were a factor in four of 12 participants undergoing surgery during the postoperative period, none met full Confusion Assessment Method 13 delirium diagnostic criteria.
Neuroimaging Procedures and Data Acquisition
Standard anatomical images and functional data were acquired on a 3T MRI scanner (MR750, General Electric Co., Fairfield, CT) with an eight-channel head coil. Anatomical data consisted of high-resolution T1-weighted fast spoiled gradient-echo oblique axial acquisition (256 9 256 matrix, 256-mm field-of-view (FOV), 11°flip angle, 136 1-mm-thick slices, echo time (TE) 3.0 ms, repetition time (TR) 6.93 ms) and T2 fluid attenuation inversion recovery (FLAIR) oblique axial acquisition (128 9 128 matrix, 256-mm FOV, 90°flip angle, 68 2-mm-thick slices, TE 145.6 ms, TR 11,000 ms, inversion time (TI) 2,250 ms) scans. Restingstate functional MRI (rs-fMRI) data were acquired using a sensitivity-encoding, spiral-in, oblique, axial, slice-interleaved acquisition (64 9 64 matrix, 256-mm FOV, 60°fl ip angle, 34 4-mm-thick slices, TE 30 ms, TR 3,000 ms, sensitivity encoding factor 2). Eighteen seconds was discarded from the beginning of the rs-fMRI sequence to correct for initial MR signal fluctuation, after which 124 time points (6.2 minutes) of data were retained for RSFC analysis. During the rs-fMRI data collection, all subjects were instructed to look at a black crosshair centered on a white background. Physiological (respiration, heart rate) and movement data were collected during rs-fMRI scanning for later RSFC data signal correction methods. Physiological data were detected using a respiration stretch transducer and finger pulseoximeter connected to amplifiers (Biopac Systems, Inc., Goleta, CA) sampling at 100 Hz and synchronized to the trigger pulse associated with the first MR image acquisition using CIGAL software (https://www.nitrc.org/ projects/cigal/) 14 (Appendix S1).
Neuroimaging Data Preprocessing
Neuroimaging data were spatially preprocessed and analyzed using Statistical Parametric Mapping version 8 (SPM8, Wellcome Institute, London, UK) in MATLAB (MathWorks, Inc., Natick, MA). SPM default gray and white matter and cerebrospinal fluid anatomical segmentation parameters were applied to the T1 anatomical segmented and coregistered FLAIR and functional data for nonlinear alignment with Montreal Neurologic Institute atlas space (2 mm 3 isotropic voxels). Functional data were spatially smoothed using a Gaussian 8-mm full width at half maximum filter. Coregistered and normalized FLAIR data were interrogated for ischemic white matter lesion volumes at each time point using the MATLAB Lesion Segmentation Tool toolbox for SPM8.
First-level covariate correction for each participants' rs-fMRI data included composite motion greater than 0.5 mm, physiological signal (respiration and heart rate), and BOLD scan-to-scan signal artifact greater than 3.0z of global mean signal. Linear regression of confounding effects was conducted using artifact detection tools (NITRC; https://www.nitrc.org/projects/artifact_de-tect/) and A component-based noise correction method 15 to maintain temporal resolution of processed data and to avoid the induction of anticorrelations or potential default-mode network signal loss associated with global signal regression. Functional data were band-pass frequency filtered (0.008-0.09 Hz), and session-specific temporal linear detrending occurred after confound removal regression.
Analyses

Demographic Variables and Cognitive Outcomes
Independent two-sample t-tests or chi-square test comparisons (where appropriate) were conducted for all demographic variable comparisons and to assess differences between groups in cognitive outcomes (two-tailed P < .05; Table 1 ). Planned cognitive baseline and outcome comparisons involved raw scores at baseline and comparison of computed reliable change index (RCI) for each variable. RCI values, expressed as z-scores, reflect the magnitude of perioperative cognitive change, controlling for expected mean performance change, practice effects, and normal test-retest reliability observed in the nonsurgical controls (Appendix S1). 16 Mean total RCI, calculated as the mean of all the RCI scores for each of the 12 cognitive variables (Table 2) , was used as an aggregate measure of global perioperative cognitive change. Five of the 12 participants undergoing surgery had RCI values less than À1.64 on two or more test variables, which some groups have used as a criterion for dichotomous determination of POCD. White Matter Lesion Volumes FLAIR variables of interest were total lesion volume (mL) and the ratio of lesion volume to total intracranial volume (TIV). Independent two-sample tests were conducted between groups for baseline lesion burden and pre-and postoperative changes in total lesion volume and corrected white matter lesion burden (P < .05, two-tailed). Baseline TIV-corrected total white matter hyperintensity (WMH) volume and TIV-corrected perioperative white matter legion volume change variables were retained as covariates for entry into the RSFC analyses (see Intrinsic Functional Connectivity section, below) (Appendix S1).
Intrinsic Functional Connectivity
Intrinsic connectivity contrast (ICC) characterizes the strength of the global connectivity pattern between each gray matter voxel and gray matter voxels in the rest of the brain. In an ICC analysis, values reflect the root sum of squares of the functional connectivity between each gray matter voxel and the remainder of gray matter voxels in the brain 18, 19 (Appendix S1). Two whole-brain, voxel-wise, random-effects general linear model analyses were conducted to assess for potential differences in the relationship between RSFC of either group and cognition (comparison of ICC by cognition regression slopes). First, any potential differences between groups in the relationship between baseline global cognitive performance and baseline RSFC were examined for, adjusting for age, education, and baseline WMH volume. Then, differences between groups in the relationship between pre-and postoperative RSFC change and global cognitive change (comparison of regression slope differences between groups for ICC change by cognitive change from baseline to 6 weeks) were examined for, adjusting for age, education, and change in perioperative wholebrain WMH lesion volume. Age, education, and WMH volume covariates were mean centered before model insertion. For all analyses, change in RSFC was expressed as 6-week follow-up minus presurgical baseline.
All neuroimaging analyses were conducted using statistical thresholds set to a false discovery rate multiple comparison correction 20 with a spatial extent (k E ) of false discovery rate P < .01 and peak voxel P < .001.
RESULTS
Demographic Variables and Cognitive Outcomes
Presurgical demographic and health variables for participants undergoing cardiac surgery and nonsurgical ambulatory controls are noted in Table 1 . No statistically significant differences were found between the groups in age, education, sex, or race. Baseline health factors such as weight, history of diabetes mellitus, and previous history of myocardial infarction also did not differ between groups. Baseline preoperative intellectual levels were similar between groups (Table 2) . No statistically significant baseline differences were found between groups for any of the neurocognitive battery variables (Table 2) , although the auditory-verbal list learning abilities (t = À2.72, P = .01) and response inhibition skills (t = À2.01, P = .04) of the surgical group declined after surgery. The mean global RCI score of participants undergoing surgery was significantly lower than that of controls (t = À2.97, P = .007).
White Matter Lesion Volume
There were no significant differences between participants undergoing surgery and controls in baseline ischemic white matter burden or in changes from baseline to 6 weeks in white matter lesion volume (Table 1 ). In the surgical group, adjusting for age and education, baseline white matter lesion volume was not significantly associated with overall postoperative cognitive change (r = À0.48, P = .17) or change in any of the other neurocognitive battery variables, with the exception of Trail-Making Test Part A (r = À0.80, P = .006).
Voxel-Wise Intrinsic Functional Connectivity
There were no significant differences between groups in ICC at baseline or in the relationship between baseline global cognition and baseline ICC, adjusting for age, education, and baseline WMH volume. Two regions of statistically significant positive association between perioperative ICC change and cognitive change exceeded statistical thresholds in the surgical group; neither was detected in the control group. These regions were located in the posterior division of the left posterior cingulate cortex (PCC), with two local maxima (cluster 154 k E ; 13.05T (À10x, À40y, 38z), 7.05T (À4x, À40y, 32z)), and the right superior frontal gyrus (SFG), with a single cluster maxima (cluster 64 k E ; 12.81T (24x, 30y, 58z)) (Figure 1 ). Fishertransformed correlation coefficients for these regions of significant ICC difference were extracted from the PCC and right SFG regions of interest, averaged within each region of interest ROI, and then individually plotted with the global cognitive change values for participants in the surgical and nonsurgical control groups to allow for visualization of the relationship between FC change and global RCI change. The group-wise differences were observed to reflect a significant positive relationship between postoperative functional connectivity change and global cognition change from baseline to 6 weeks, adjusting for age, education, and cerebral WMH volumes covariates, in the PCC ( Figure 1A .2) and right SFG ( Figure 1B. 2) for participants undergoing surgery that was not seen in the nonsurgical controls.
DISCUSSION
Postoperative change in global cognitive function is associated with perioperative changes in intrinsic RSFC in DMN-associated PCC and precuneus and right SFG cortical regions (Figure 1 ). Perioperative RSFC changes in these DMN regions were associated with changes in global cognitive performance, adjusting for age, education, baseline cerebral WMH volume, and perioperative WMH volume change.
Global perioperative volumetric changes in leukoaraiosis did not significantly alter the positive relationship between RSFC change in these DMN regions and global cognitive outcome. Studies have found that perioperative leukoaraiosis volume does not fully account for POCD, 21, 22 although it is unclear whether strategically located perioperative leukoaraiosis, independent of lesion volume, may significantly affect resting-state or task-based functional connectivity in critical global cortical control networks, such as the DMN.
The finding of a continuous relationship between postoperative global cognitive change and RSFC changes in regions of the DMN raises the possibility that POCD and its functional neurological correlates fall along a spectrum rather than being a dichotomous trait. DMN activity is inversely correlated with activity in task-related brain networks such as the dorsal attention network (reviewed in 23 ). Cortical association areas, such as the DMN, are known to have greater dendritic spine density than primary unimodal cortices 24 and higher white matter organization. 25 The PCC and precuneus region, a central network "hub" of the DMN, 26 has 40% higher metabolic activity that most other brain regions 27 and has been implicated in autobiographical memory to emotional salience, but the exact role of the DMN in cognition is unclear. 23 The pathophysiological basis for the decrease in DMN "hub" functional connectivity in association with the greater postoperative cognitive decline seen in this sample is unknown. The decrease in intrinsic RSFC in these regions could correlate with or even cause difficulty in shifting between internal processes and external tasks requiring concerted cognitive effort and attention. Altered coordination between latent and active functional brain networks may explain some of the postoperative difficulties in "cognitive efficiency" described by older adults undergoing surgery. 28 Future studies using resting-state and task-based fMRI studies will be required to address this hypothesis.
In addition to the small sample size, an important limitation of this study is the exclusion of participants with preoperative cognitive impairment (MMSE >27). Thus, it is unclear to what extent these findings may generalize to individuals with baseline cognitive impairment. Understanding the association between postoperative delirium, presurgical cognitive dysfunction, and functional brain connectivity changes that might mediate such associations is important for future studies. Furthermore, these results do not address the root cause of POCD, although they indicate that, in individuals undergoing cardiac surgery without cognitive impairment at presurgical baseline, poorer postoperative global cognitive outcomes are significantly associated with perioperative decreases in intrinsic functional connectivity of regions important to the DMN. These preliminary findings support the need for larger future studies to determine the extent to which varying POCD cognitive and behavioral phenotypes may express altered postoperative resting-state and task-based functional brain connectivity and how pre-and perioperative neurological and psychiatric complications may mediate those relationships. subjects and data. Welsh-Bohmer: neuropsychology collaborator, preparation of manuscript. Newman: anesthesiology collaborator, preparation of manuscript. Mathew: study co-principal investigator, study concept, design and analyses, preparation of manuscript.
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